INTRODUCTION
Recently, multi-band tuneable antennas have attracted considerable attention due to the developing demand on dynamic spectrum usage and Carrier Aggregation (CA) in forthcoming wireless communication systems [1] . To achieve frequency agility and concurrent multi-band operation, systems may require that the antenna supports multiple frequency bands simultaneously with each band independently tuneable. Moreover, the antenna needs to be compact in volume to fit in modern User Equipment (UE), such as mobile handset and tablet [2] [3] .
Various antenna types have been reported for dual-band tuneable antenna design. In [4] , a dual-band planar inverted Fantenna (PIFA) was presented to cover the frequency range from 0.7 to 1.1 GHz and from 1.7 to 2.3 GHz for LTE carrier aggregation. A tuneable L-shape patch antenna was investigated in [5] for GSM/DSC-1800 applications. In [6] , a folded slot antenna was proposed to provide two-band coverage over a wide tuning range from 1 to 3 GHz. However, the independent tunability was not fully addressed in previous tuneable dual-band antenna designs with single-feeding structure, which means tuning one band may shift the resonant frequency of the other band. The isolation between two tuneable frequency bands can be improved by using a dualfeeding structure [4] or by employing a feeding network [7] , which will increase the complexity of the antenna geometry.
The slot antenna has been used in many tuneable antenna designs due to its simple structure with flexible matching performance. Furthermore, it can be easily embedded in the PCB ground plane, and accommodate nearby electronic components [6] [8] [9] [10] . In this paper, a single-feed tuneable dual-band slot antenna will be presented. The position of slot elements and the locations of the tuneable capacitors and feeding points are carefully selected to make two resonant frequency bands independently tuneable. This antenna is designed to cover the frequency range from 560 MHz to 1 GHz for carrier aggregation between the TV white spaces (TVWSs) or unused Digital Terrestrial Television (DTT) bands and sub GHz LTE bands. The antenna performance will be evaluated for high-order QAM formats using our hardware-in-the-loop concurrent dual-band test-bed to investigate the inter-band interference between the concurrent independent transmissions, which can significantly deteriorate the overall system performance [11] .
II. ANTENNA STRUCTURE
The antenna is designed on a 100 × 40 × 1.6 mm 3 doubleside coated Printed Circuit Board (PCB) with the dielectric constant of 4.3 and loss tangent of 0.025. As shown in Fig. 1 , the antenna consists of two open-end slots, which are placed perpendicularly to each other to reduce the mutual coupling. The longer slot is 32 × 2 mm 2 and placed in parallel with the short edges of the PCB. The second slot is 26 × 2 mm 2 , placed perpendicularly to the longer slot with 2 mm separation. Two slots are driven by a 50 ohm stripline printed on the back side of the PCB. The longer and shorter slots are adjusted to be resonant at the lower and higher frequencies respectively, and to provide two concurrent operating frequency bands. Two varactors, one on each slot, are used to tune two resonant frequencies separately. [12] , which have a capacitance tuning range from 0.6 pF to 10 pF with a maximum bias voltage of 30 V. The microstrip feeding line is extended to the centre of the PCB to minimize the interference from the SMA connector and coaxial cable during the measurement.
III. RESULTS AND DISCUSSION

A. Antenna results
The main challenge of this dual-band tuneable antenna design is to achieve the independent tunability within a very limited PCB space. In other words, each resonant frequency needs to be tuned individually without affecting the other band. Fig. 3 (a) and (b) present the simulated surface current distributions of the proposed antenna when it is operating at 0.6 GHz and 1 GHz, respectively. It is clear to see that the 32 mm slot is mainly radiating at 0.6 GHz whereas the 26 mm slot is working at 1 GHz. A good isolation has been obtained between two slots, which indicates two operating bands may be tuned independently. The measured antenna reflection coefficients under various biasing voltages are plotted in Fig. 4 (a) and (b) . The higher band -6 dB tuning range covers from 800 MHz to 1.14 GHz (Fig. 4a) . Importantly, the lower band resonance are almost unaffected by the higher band tuning. It is also observed in the measurement that the minimum separation between two bands of this antenna is about 100 MHz, which means one band will start being shifted when the other band is closer than 100 MHz. The antenna lower band can be tuned from 560 MHz to 800 MHz (Fig. 4b) . It is noticed that the higher band matching performance can be affected during the lower band tuning, but the resonant frequency and -6 dB bandwidth remain the same. More details of the capacitance value and the corresponding resonant frequency and bandwidth are listed in TABLE I. Fig
The antenna radiation appears omni-directional at 0.6 GHz with measured gain of -1.7 dBi. At 1 GHz, a null is noticed at 122º on the E-plane cut. The measured gain at 1 GHz is -3.9 dBi. The antenna gain can be further improved by increasing the antenna ground plane size [13] 
B. System level results
By utilising the dual-band antenna, a concurrent dual-band test-bed system can be realised as shown in Fig. 6 . The controller (PXIe-8135) [15] is essentially a PC running LabVIEW and MATLAB software packages. The baseband signal processing takes place in the controller, where two different baseband I/Q signals are generated in LabVIEW and sent to the dedicated reconfigurable RF signal generators (PXIe-5793) [16] operating at different carrier frequencies. The RF outputs of the signal generators are combined by a ZAPD-2-272-S+ combiner [17] and the combined signal is transmitted through a wideband antenna (UHALP-9108 A) [18] . At the receiver side, the newly designed dual-band antenna detects the mixed signal, which is directly digitised through an oscilloscope [19] . Then the mixed signals are converted to baseband through digital down conversion (DDC), and separated through cascaded integrated comb (CIC) decimation filters back at the controller unit. After which the baseband demodulation takes place. In order to investigate the frequency agility and concurrent multiband transmission capability, various TVWSs (in Sheffield city UK) and sub GHz LTE bands were used, and 16-QAM and 64-QAM single carrier signals, with root raise cosine filtering at a roll-off (β) of 0.5, were analysed in CA mode over the dual-band system. The considered bands in CA mode are provided in Table II , together with band centre frequencies and aggregate bandwidths. It can be noticed from the centre frequencies shown in Table II that the band combinations were chosen such that the frequency separation between the concurrent bands changes from a few MHz to hundreds of MHz. This allowed the investigation of inter-band interference over the concurrent dual-band system. Fig. 7 shows the EVM performance of the considered concurrent single carrier transmissions in CA mode over a scale of received power from -60 to -85 dBm. Fig. 7(a), 7(b) and 7(c) shows the EVM performance when DTT band 49 and LTE band 20 use 16-QAM modulation, while 64-QAM modulation is used over DDT band 50, DTT bands 49 & 50 (combined) and DTT band 43. On the other hand, figures 7(d), 7(e) and 7(e) show the considered bands when the modulation ordered are swapped between the concurrent bands. DTT bands 49 and 50 were used as two separate concurrent bands for the results shown in Fig. 7(a) and 7(d) . However, given the two bands are adjacent, they can also be used as one wide band as shown in Fig. 7 (b) and 7(e).
The results in Fig. 7 show that the dual-band system provides almost identical EVM performance across a wide range of frequencies and over the two concurrent transmissions. It can be seen from the results in Fig. 7 that swapping the modulation order between the concurrent bands does not affect the system performance. As would be expected, with the decrease in the received power, the EVM increases, whereas the performance difference between the 16-QAM and the 64-QAM modulation modes is due to their different SNR requirements. In order to investigate the inter-band interference between the concurrent bands, experiments without the use of CA were also carried out. In this case, the 16-QAM and 64-QAM signals were analysed independently over each of the considered bands and the EVM results are shown in Fig.8 . These results show that the EVM performance in independent signal transmission is also almost identical to that seen in the CA case (in Fig. 7) . Table III compares the received power difference on dB scale, for a certain EVMrms, in the CA and single-band transmission modes, for the eight different bands considered in this investigation. Table III shows that for four different EVMrms, the difference in received power in the two different modes of transmission does not exceed 1.5% across the eight different bands and that the average power difference is approximately 0.5% over all the bands. This shows that the analogue filtering at the dual-band tuneable antenna and the digital filtering after the DDC effectively avoid any harmful interference between the concurrent bands, especially in the case where the band separation in frequency is small. Table 1 and with modulation modes exchanged in (d), (e) and (f).
IV. CONCLUSIONS
This paper presents a compact tuneable dual-band antenna designed for sub GHz cellular band applications. The results show that the antenna frequency tuning range is able to cover from 560 MHz to 1.1 GHz with two concurrent but independently tuneable operating bands. The antenna was also tested in a concurrent dual-band test-bed system for carrier aggregation between LTE and DTT bands, where the EVM performance results in CA and single-band transmission modes show significant agreement. The difference in received power between the CA and single-band transmission modes is approximately 0.5% for a certain EVM value, which shows that there is significant isolation between the concurrent transmissions in the CA mode, even in case of very small frequency separation between the two bands.
